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Abstract This study examines aerosol properties in the vicinity of clouds by analyzing high-resolution
atmospheric correction parameters provided in the MODIS (Moderate Resolution Imaging Spectroradiometer)
ocean color product. The study analyzes data from a 2 week long period of September in 10 years, covering a
large area in the northeast Atlantic Ocean. The results indicate that on the one hand, the Quality Assessment
(QA) ﬂags of the ocean color product successfully eliminate cloud-related uncertainties in ocean parameters
such as chlorophyll content, but on the other hand, using the ﬂags introduces a sampling bias in atmospheric
products such as aerosol optical thickness (AOT) and Angstrom exponent. Therefore, researchers need to select
QA ﬂags by balancing the risks of increased retrieval uncertainties and sampling biases. Using an optimal set of
QA ﬂags, the results reveal substantial increases in optical thickness near clouds—on average the increase is 50%
for the roughly half of pixels within 5 km from clouds and is accompanied by a roughly matching increase in
particle size. Theoretical simulations show that the 50% increase in 550nm AOT changes instantaneous direct
aerosol radiative forcing by up to 8W/m2 and that the radiative impact is signiﬁcantly larger if observed near-cloud
changes are attributed to aerosol particles as opposed to undetected cloud particles. These results underline that
accounting for near-cloud areas and understanding the causes of near-cloud particle changes are critical
for accurate calculations of direct aerosol radiative forcing.
1. Introduction
Over the years, numerous studies provided insights on atmospheric aerosols by analyzing satellite obser-
vations. In most cases the data analysis used satellite products developed speciﬁcally for atmospheric
studies [e.g., Hsu et al., 2004; Diner et al., 2005; Remer et al., 2005; Torres et al., 2007]. Sometimes, however,
these products can be complemented by aerosol information from atmospheric correction algorithms,
whose primary goal is to remove atmospheric effects frommeasurements of surface properties [e.g., Lyapustin
et al., 2011, 2012]. For example, the atmospheric correction algorithm of the MODIS (Moderate Resolution
Imaging Spectroradiometer) ocean color product [e.g., Gordon and Wang, 1994; Wang and Shi, 2007; Ahmad
et al., 2010] provides aerosol optical thickness (AOT) and Angstrom exponent (AE) data that offer several
potential beneﬁts.
First, the ocean product provides aerosol properties at a 1 km spatial resolution, which is higher than the
10 km resolution of the current, Collection 5 MODIS atmospheric aerosol product, or even higher than the
3 km resolution of the upcoming, Collection 6 product. The higher resolution can help study aerosols near
discrete sources such as ships, volcanoes, and ﬁres or industry near coastlines—and also to study aerosols
near clouds. Second, the ocean algorithm uses an approach designed to minimize retrieval uncertainties
caused by changes in sea conditions such as wind speed or algae content. Third, the ocean product includes
carefully designed quality assurance (QA) parameters that can reveal the effect of various observation condi-
tions on retrieved aerosol properties. While theMODIS atmospheric algorithm also provides QA parameters, the
ocean product uses differentmethods towarn about factors such as the presence of absorbing aerosols, clouds,
or sun glint that can affect the accuracy of the retrieval algorithm. Finally, ocean products provide atmospheric
parameters even for some satellites that have no other aerosol products—for example, OCTS (Ocean Color and
Temperature Scanner)—and this can increase the spatial/temporal coverage of a study.
This paper uses aerosol data from the MODIS ocean product to examine systematic differences between
aerosol properties near clouds and far from clouds. Earlier studies revealed that aerosol scattering and particle
size increase in a wide transition zone surrounding clouds [e.g., Charlson et al., 2007; Koren et al., 2007; Su et al.,
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2008; Tackett and Di Girolamo, 2009; Twohy
et al., 2009; Várnai and Marshak, 2011]. These
studies discussed numerous processes that can
contribute to the changes, including aerosols
swelling in humid air, cloud processing of
aerosols (for example, in-cloud aqueous oxida-
tion and collision/coalescence), and the pres-
ence of undetected cloud particles [e.g., Jeong
and Li, 2010]. The undetected cloud particles
may occur, for example, in cloud fragments that
have sheared off from adjacent clouds, in incip-
ient or in decaying clouds, or in hesitant clouds
that oscillate near saturation [e.g., Koren et al.,
2009; Bar-Or et al., 2010]. Moreover, part of the
observed aerosol behaviors likely comes from
meteorological conditions (e.g., wind speed)
being different in cloudy and clear regions. While MODIS data—both 10 km resolution aerosol products [e.g.,
Loeb and Schuster, 2008] and 1 km resolution solar reﬂectances [e.g., Várnai and Marshak, 2009]—proved very
helpful in characterizing the transition zones surrounding clouds, the 1 km resolution aerosol data in the ocean
product offers new opportunities in understanding the properties and radiative impacts of aerosols near clouds,
as well as their differences from aerosols occurring far from clouds.
The outline of this paper is as follows. Section 2 describes the data set used in this study, while section 3
examines the importance of QA parameters in aerosol studies. Section 4 then discusses the radiative impact
of near-cloud changes in aerosol properties. Finally, section 5 offers a brief summary.
2. Data
This paper analyzes a data set that contains data for a 2 week long period (14–29 September) in ten consecutive
years (2002–2011). The analyzed data comes from a roughly 1000 km by 500 km region (45°–50°N, 5°–25° W)
over the Atlantic Ocean that lies just southwest of the United Kingdom. (MODIS radiances from this area and
time period were also analyzed in Várnai and Marshak [2009].) The data set is limited to viewing zenith angles
less than 10° and has an average solar zenith angle of 48°.
The aerosol information comes from the R2012 version of the MODIS ocean color product, which provides at
1 km resolution the 869 nm aerosol optical thickness, the 443 nm–869 nm Angstrom exponent, and various
QA ﬂags (Table 1). For each 1 km pixel, the 550 nm aerosol optical thickness is estimated from the 869 nm
optical thickness and Angstrom exponent values provided in the ocean color product.
The study examines the way aerosol properties depend on distance to the nearest low-level cloud. Following
the earlier studies byWen et al. [2007], Su et al. [2008], Twohy et al. [2009], and Várnai and Marshak [2009], we
focus on low clouds because they are most likely to inﬂuence nearby aerosols, which are often concentrated
at low altitudes. We identify low clouds using the 1 km resolution Collection 5 MODIS cloud mask (MYD35) if
the 5 km resolution cloud top pressure product has a value exceeding 700 hPa, indicating a cloud top altitude
below ~3 km.
3. Impact of QA Flags on Statistics
The operational MODIS ocean product includes a large number of QA ﬂags. Validation studies have shown
that MODIS ocean products agree well with independent measurements for pixels that are deemed reliable
by all QA ﬂags [e.g., Bailey and Werdell, 2006]. The importance of QA ﬂags in the interpretation of ocean
measurements is further illustrated in Figure 1. The ﬁgure shows that selecting only the best pixels (pixels
where none of the QA ﬂags give any warning) not only changes overall mean values but also yields a self-
consistent data set in which the estimated Chlorophyll-A concentration is not sensitive to the proximity of
clouds. In contrast, using all data would not only yield too high overall mean values (due mostly to pixels
ﬂagged by the prodfailQA parameter, whichmarks pixels where any of the Level 2 ocean parameter retrievals
failed) but would also show a spurious decrease near clouds due to factors such as stray light contamination
Table 1. List of the MODIS Ocean Product Quality Assessment (QA) Flags
Discussed in This Studya
QA ﬂag Description
absaer Absorbing aerosol
chlwarn Chlorophyll-A content product quality reduced
coastz Failure in Chlorophyll-A content algorithm
coccolith Coccolithopores detected
lowlw Very low water-leaving radiance (cloud shadows)
modglint Moderate sun glint contamination
prodfail One or more parameters could not be computed
prodwarn Questionable value for one or more parameters
sstwarn Sea surface temperature quality reduced
(e.g., cloud contamination)
straylight Stray light contamination
aMore oneachﬂag canbe foundat the introduction to atmospheric correc-
tion at http://oceancolor.gsfc.nasa.gov/DOCS/SeaDAS/seadas_training.html or
at http://oceancolor.gsfc.nasa.gov/DOCS/Ocean_Level-2_Data_Products.pdf.
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[e.g., Meister and McClain, 2010], 3-D radiative processes [e.g., Wen et al., 2008], aerosol swelling [e.g., Bar-Or
et al., 2012], cloud processing of aerosols [e.g., Ervens et al., 2011], and even the presence of undetected cloud
particles [e.g., Charlson et al., 2007].
While the jump in Chlorophyll-A content within 2 km from clouds in Figure 1 indicates that QA parameters cannot
ﬁlter out all pixels affected by these artifacts, the impact on large-scale ocean statistics is negligible. This is because
the QA ﬂags warn about potential artifacts near most clouds (Figure 2 inset shows that within 2 km from clouds,
only a small fraction of pixels has no QA warning), and so only a small portion (<1%) of best pixels occurs within
2 km from clouds (Figure 2 red curve shows that the number of pixels without warning is much smaller near
clouds than far from clouds). (Note that clouds have been identiﬁed using the MODIS cloud mask (MYD35)
atmospheric product.) However, the ﬁgure also reveals that ensuring high quality greatly reduces the data vol-
ume. For ocean products, the reduction in data volume is usually not a critical concern, as ocean properties tend
to change relatively slowly in time and space and even the reduced data amount can provide adequate sampling.
In contrast, using only the best pixels creates sampling issues for aerosol parameters, which vary on much
shorter temporal and spatial scales. The
sampling problems are especially important,
because while the red curve in Figure 2
shows that only a small portion of best pixels
lies near clouds, the black curve shows that
most clear pixels are in fact close to clouds.
Earlier studies have also found that due to
systematic changes in atmospheric particles
near clouds, excluding near-cloud pixels
biases the results to underestimate aerosol
radiative forcing. (Twohy et al. [2009] esti-
mated “the aerosol direct radiative effect
as derived from satellite observations of
cloud-free oceans to be 35–65% larger than
that inferred for large (>20 km) cloud-free
ocean regions.”) Therefore, researchers
using aerosol data from the MODIS ocean
product need to balance their competing
needs for accurate retrievals and appropri-
ate sampling. The optimal balance may be
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Figure 1. Mean retrieved Chlorophyll-A content when all data are used (black curve) and when only the best pixels are used (red curve).
Figure 2. Number of pixels for two scenarios: (1) all data are used (black curve)
and (2) only data without any QA warning are used (red curve). Inset: fraction of
pixels that have no QA warning at all (best pixels).
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found by using a reduced set of QA ﬂags to
identify the pixels to be considered.
Figure 3 illustrates that most near-cloud
warnings come from two cloud-related QA
ﬂags: straylight (which warns about stray light
contamination by examining reﬂectance
variations around a pixel) and sstwarn (which
warns mostly about cloud contamination by
examining patterns of near- and thermal
infrared data). We note that a third cloud-
related ﬂag, lowlw (which warns about cloud
shadows by checking whether a pixel appears
too dark), affects much fewer pixels. The ﬁgure
also shows that the frequency of occurrence
changes with distance to clouds for two not
inherently cloud-related QA ﬂags: modglint
(which warns about sun glint by checking
spectral signatures), and absaer (which warns
about the presence of absorbing aerosols by
checking whether absorption makes visible
reﬂectances much lower than expected from
near-infrared data). At this point it is unclear why these parameters becomemore/less frequent near clouds, but
it is entirely plausible that real changes cause this behavior. For example, wind—and hence glint properties—
and the amount of absorbing aerosols may be different in weather patterns that favor clear skies. All other QA
ﬂags occur much less frequently, and so most of them are not even plotted in Figure 3.
Figure 4 illustrates the impact of some key QA ﬂags on retrieved aerosol optical thickness. The black line is
much higher than the other lines because it is based on all pixels, including even the ones that are ﬂagged by
the modglint ﬂag. The presence of glint enhances the scene reﬂectance, and the retrieval algorithm errone-
ously attributes at least part of the enhancement to an increase in aerosol optical thickness. (In comparison,
the impact of the absaer ﬂag is much smaller.)
The comparison of the red curve—which uses all QA ﬂags—with the orange, green, or blue curves—which use all
ﬂags except the straylight and/or sstwarn ﬂags—shows that our perception of near-cloud AOT changes is greatly
affected by whether we use or exclude pixels ﬂagged by these two QA parameters. The orange line shows that
the cloud contamination indicated by the sstwarn
ﬂag signiﬁcantly increases optical thicknesses near
clouds. The green line shows that the proximity to
bright clouds (picked up by the straylight ﬂag)
causes even stronger increases in retrieved AOT.
These increases may be attributed to several factors
including stray light contamination, 3-D radiative
processes, aerosol swelling, cloud processing of
aerosols, and the presence of undetected cloud
fragments (which are more frequent near detected
clouds). We note that the increase in the blue curve
is not equal to the sum of increases for the orange
and green curves, because many pixels are ﬂagged
by both the straylight and sstwarn ﬂags.
Finally, the red curve indicates that for the best
pixels, the differences between AOT near and far
from clouds are relatively small (23% between 1 and
20km). This suggests that the QA ﬂags are effective
in ﬁltering outmost cloud-related features (artifacts).
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Figure 3. Fractionof pixelsﬂaggedby themost relevantQAﬂags: straylight (prox-
imity of bright clouds and surfaces), sstwarn (cloud contamination), modlgint (sun
glint), absaer (absorbing aerosol), turbidw (turbid water), coastz (coastal zone), and
lowlw (cloud shadow). The fractions for a given distance bin do not add up to 1.0
because a single pixel can be ﬂagged by several QA ﬂags.
Figure 4. Near-cloud behavior of retrieved aerosol optical thickness if
different sets of QA ﬂags are used to ﬁlter the data. In the blue, green,
and orange curves all QA ﬂags are used except for the ones mentioned
in the legend.
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On the other hand, using all ﬂags likely causes sampling biases by excluding large areas with strong AOT
enhancements (e.g., near thick, bright clouds).
We can balance our concerns about artifacts (if no QA ﬂags are used) and sampling biases (if all QA ﬂags are
used) by using a subset of all QA ﬂags. For this, we use a subset that includes all QA ﬂags except:
1. Three ﬂags designed speciﬁcally for warning about the presence or proximity of clouds: straylight, sstwarn,
lowlw. We do not use these ﬂags because they would exclude the areas most affected by clouds. These
areas are clearly essential for studying near-cloud behaviors of aerosol properties; moreover a large por-
tion of clear sky is near clouds (e.g., Figure 2, or Várnai and Marshak [2012]).
2. Five ﬂags that warn about problems speciﬁc to certain oceanic products: prodfail, prodwarn, coastz, coccolith,
chlwarn. We do not use these ﬂags for two reasons. First, these ﬂags warn about problems that often come
from limitations of the ocean retrieval algorithms. Second, because a much larger portion of satellite-
observed signal comes from the atmosphere than from the ocean, aerosol retrievals are much less sensitive
to slight inaccuracies than ocean retrievals. We note, however, that these ﬂags are set much less frequently
than the cloud-related ﬂags, and so ignoring them does not signiﬁcantly affect our aerosol statistics.
Figure 5 compares near-cloud changes in retrieved optical properties for the best pixels (not ﬂagged by any
QA ﬂag) and for pixels not ﬂagged by our subset of QA ﬂags (which includes all QA ﬂags except the eight
mentioned above). (We note that if all QA ﬂags except straylight and sstwarn are used, the results show
similar behaviors to the blue lines.) As expected, the ﬁgure shows that near-cloud changes in both AOT at
550 nm and Angstrom exponent are substantially stronger if we use a subset of QA ﬂags than if we use all
ﬂags. These changes and their radiative impacts are discussed in the next section.
4. Causes and Radiative Consequences of Near-Cloud Changes
As mentioned in the previous section, MODIS ocean products show signiﬁcantly higher AOT and lower
Angstrom exponent near clouds (Figure 5). These tendencies are consistent with earlier ﬁndings obtained for
radiative quantities such as solar reﬂectances or lidar backscatters, color ratios, and depolarization ratios [e.g.,
Koren et al., 2007; Su et al., 2008; Twohy et al., 2009; Várnai and Marshak, 2009; Yang et al., 2012]. Analyzing the
1 km resolution MODIS ocean product offers new possibilities because the retrieved aerosol properties are
easier to interpret and to put in perspective, and even to use in radiative calculations.
In order to avoid the sampling biases that underestimate near-cloud changes if we only use the best pixels
not ﬂagged by any QA ﬂag, we focus on the results in Figure 5 that were obtained using a selected set of QA
parameters (blue curves). Naturally, these results include some pixels affected by stray light contamination
and 3-D radiative enhancements. The impact of these effects, however, is likely limited, for two reasons. First,
Várnai et al. [2013] found strong stray light contamination only within 1 km from clouds. Second, the aerosol
Figure 5. Near-cloud behavior of (a) 550 nm AOT (b) and 443–869 nm AE when using two different sets of QA ﬂags. The red curves are
obtained if all QA ﬂags are used, while the blue curves are obtained when a selected set of QA ﬂags is used. The 550 nm AOT is calcu-
lated from the 869 nm AOT and the AE reported in the MODIS ocean product. The thick lines in Figure 5a indicate the mean values weighted
by the number of pixels at each distance, for two categories: areas closer than 5 km or farther than 5 km from the nearest cloud (including
pixels farther than 20 km away). Approaching clouds from 20 km away to 1 km, the standard deviation of individual pixel values increases
from 0.05 to 0.09 for AOT and from 0.34 to 0.41 for Angstrom exponent.
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retrievals rely greatly on long wavelengths where 3-D radiative effects are much weaker [e.g., Wen et al.,
2008]: Aerosol properties are estimated by an iterative procedure that ﬁrst estimates 869 nm AOT and
443–869 nm AE based on reﬂectances at 749 nm and 869 nm (where the ocean is very dark), and then reﬁnes
these estimates using 443 nm reﬂectances, which help accounting even for the small ocean reﬂectance at the
longer wavelengths [Gordon and Wang, 1994; Wang and Shi, 2007, and the introduction to atmospheric
correction at http://oceancolor.gsfc.nasa.gov/DOCS/SeaDAS/seadas_training.html]. We note that 3-D effects,
causing about a third of near-cloud increases in 550 nm reﬂectance in Várnai et al. [2013], may still impact the
retrieval procedure through the 443 nm reﬂectance, but their magnitude is unclear at this point. Overall, we
expect that the true values of optical thickness and AE are somewhere between the blue and red curves and
are likely closer to the blue ones. We note, however, that retrieved optical properties characterize the entire
particle population of an area, including undetected cloud particles, and so the results are likely affected by
cloud contamination.
Figure 5a shows that near-cloud AOT changes are indeed substantial. For example, the thick blue line
(showing the means weighted by pixel numbers for the 1–5 km and 6–20 km distances) shows that AOT is
about 50% higher for the roughly half of areas that is within 5 km from the nearest cloud. We note that while
the absolute value of changes is slightly larger at 550 nm than at 869 nm (e.g., blue curves in Figure 4 versus
Figure 5a), the relative change is slightly larger at 869 nm because of a smaller background signal of surface
reﬂection and Rayleigh scattering.
AE changes are perhaps not as intuitive, but one can put them in perspective using Mie calculations. For this,
we performed some sample calculations using the size distributions of Models #3 and #6 (called “water
soluble with humidity” and “wet sea salt type”) in the MODIS atmospheric product over ocean [Remer et al.,
2005] and using sulfate aerosol and sea salt refractive indices based on D’Almeida et al. [1991, Table 4.3]. (The
MODIS model refractive indices are available only for the wavelengths used in the atmospheric product but
not for 443 nm.) Subsequently, we increased particle radius by 15% through humidiﬁcation using the approach
in Gassó et al. [2000] and repeated the Mie calculations. We found that the simulations matched the observa-
tions best if we assumed a coarse mode fraction (in 550 nm AOT) of 16%, and assumed that in ¾ of the data
set both ﬁne and coarse modes swell equally near clouds (15% increase in radius), and in ¼ of the data set
only the coarse mode particle number increases near clouds. In this case the overall mean 550 nm AOT
increases by 42%, and the mean Angstrom exponent drops from 1.16 to 1.0—closely matching the
changes between 20 km and 3 km distances from clouds in Figure 5 (43% increase in AOT, 0.15 drop in AE).
While such initial simulation results cannot really distinguish between aerosol swelling and cloud con-
tamination or cloud processing (that is, between changes only in size or both in size and number), future
detailed calculations may well be able to make the distinction. Naturally, such detailed calculations will
need to use same aerosol models as the retrievals, and will need to consider natural variability to reproduce
changes not only in overall averages, but also within each scene (which may have different aerosol types or
coarse mode fractions, etc.). We note that a few studies using satellite or ground-based data and simula-
tions have already made important strides toward determining the contribution of various processes [e.g.,
Tackett and Di Girolamo, 2009; Jeong and Li, 2010; Várnai and Marshak, 2012].
Also, we note that some early indications suggest that the differences between near-cloud and far-from-cloud
particles come partly from local gradients within cloudy scenes and partly from differences between large-scale
meteorological conditions (e.g., wind speed and air mass origins) in cloudy and clear areas. This issue will be
explored in detail in a separate study that is now in its early stages.
Finally—unlike solar reﬂectances or lidar backscatter—the particle properties in Figure 5 allow one to examine
the radiative impact of near-cloud changes. As an initial step to roughly gauge the radiative impact of near-
cloud changes, we performed several calculations using the Coupled Ocean and Atmosphere Radiative Transfer
model [Jin et al., 2006]. The calculations used 48° solar zenith angle, 6m/s wind speed, 2 km water depth,
0.2mg/m3 chlorophyll content, and a midlatitude summer atmosphere with the MODerate resolution atmo-
spheric TRANsmission (MODTRAN) maritime aerosol model. The results in Figure 6 show that if AOT increases
from 0.130 (mean for the half of clear-sky areas that lie farther than 5 km from clouds) to 0.195 (mean for the half
of clear-sky areas that are within 5 km from clouds) while other aerosol parameters remain unchanged, the
reﬂected broadband ﬂux increases by 6.4W/m2 (from 87.16 to 93.53W/m2), while the downwelling ﬂux at the
surface decreases by 8W/m2 (from 660.2 to 652.2W/m2). If the near-cloud changes are attributed not to
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aerosols but to undetected cloud particles
(having an effective radius of 15μm and
occurring between 1 km and 2 km altitudes),
the increase in top-of-atmosphere (TOA)
reﬂected shortwave ﬂux is 3.4W/m2 and the
decrease in downwelling ﬂux at the surface is
3.7W/m2. Finally, if we assume that the differ-
ence between areas within and outside 5 km
from clouds does not have a daily cycle, we
can also estimate its impact on 24 h average
ﬂuxes. For the period of observations (second
half of September), the estimated ﬂux differ-
ences are 2.7W/m2 (TOA up) and 3.7W/m2
(surface down) if attributed to aerosols, and
1.6W/m2 (TOA up) and 2.1W/m2 (surface
down) if attributed to undetected clouds.
These results have two important implica-
tions. First, they show that near-cloud
changes in particle populations have a
substantial radiative effect regardless of the
exact mechanism causing the changes.
Second, they show that it is important to
ﬁnd out the cause of near-cloud changes, because while the impacts are large in any case, they can be
signiﬁcantly different if they are caused by swollen aerosol particles or by undetected cloud droplets.
We expect that ﬁnding out the cause of near-cloud changes in particle properties, combined with future
analysis along the line of Várnai et al. [2013], will provide a complete accounting for observed near-cloud
changes in radiative and microphysical properties. We note that Várnai et al. [2013] combined MODIS global
data analysis with theoretical simulations and found that roughly two thirds of near-cloud changes in 0.55μm
MODIS reﬂectances were caused by particle changes, much of the rest were caused by 3-D radiative effects,
but instrument effects were important only within a km or so from clouds.
5. Summary
This paper uses satellite data to examine the systematic differences between near-cloud and far-from-cloud
aerosols over the northeast Atlantic Ocean. In particular, it analyzes atmospheric correction data—aerosol
optical thickness and Angstrom exponent—provided in the MODIS ocean color product. This data offers
important beneﬁts for atmospheric studies, because aerosol parameters are estimated using an approach
that minimizes retrieval uncertainties caused by variations in sea conditions, retrievals are provided at a high
(1 km) spatial resolution, and the retrieved aerosol parameters are accompanied by carefully designed quality
assessment (QA) parameters. We note that aerosol information is available even in the ocean color product of
some satellites lacking designated atmospheric products (e.g., OCTS).
By analyzing data from the second half of September over a 10 year long period, the study ﬁnds that the
appropriate use of the QA ﬂags for data selection is indeed essential. The results show that in studies of ocean
parameters such as chlorophyll content, using all QA ﬂags can successfully eliminate cloud-related problems
and provide unbiased sampling. In studies of aerosol parameters, however, researchers need to carefully
select the QA parameters they use. In this selection they need to balance higher retrieval uncertainties at
pixels ﬂagged by cloud-related QA parameters against dramatically reduced and potentially biased sampling
if these pixels are not used.
In obtaining comprehensive statistics and examining near-cloud behaviors, this study uses a limited set of QA
parameters and considers even the pixels ﬂagged by cloud-related QA parameters, most importantly the
straylight and sstwarn ﬂags. The results reveal that optical thickness differs drastically near and far from clouds
—on average, it is 50% higher for the roughly half of pixels within 5 km from clouds than for the half of pixels
Figure 6. Impact of optical thickness differences between areas closer and
farther than 5 km from clouds on instantaneous direct radiative forcing. Solid
blue and red striped bars show the impact for two interpretations of Figure 5a:
all observed optical thickness changes are attributed to aerosols (blue) and to
undetected clouds (red). Error bars show uncertainties due to annual variability
over the 10 years period used.
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that is more than 5 km away from clouds. At the same time, retrieved Angstrom exponents decrease near
clouds, suggesting an increase in particle size that is roughly compatible with the optical thickness increase.
Broadband radiative calculations indicate that these changes affect instantaneous average aerosol radiative
forcing by up to 8W/m2. The calculations also reveal that while the radiative impact is large in any case, it is
much larger if near-cloud changes are caused by aerosol particles rather than by undetected cloud droplets.
Overall, the results underline that considering near-cloud areas and understanding the causes of near-cloud
particle changes are critical for accurate calculations of direct aerosol radiative forcing. Finally, we note that
understanding near-cloud behaviors is also important for accurate characterizations of aerosol-cloud inter-
actions and indirect aerosol radiative forcing.
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